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Abstract: We investigated the feasibility of obtaining large photoresponse in metal-semiconductor-metal
(MSM) type single nanowire device where one contact can be blocking type. We showed that suitable modiﬁ-
cation of the blocking contact by deposition of a capping metal using focused electron beam (FEB) can lead
to considerable enhancement of the photoresponse. The work was done in a single Cu:TCNQ nanowire device
fabricated by direct growth of nanowires (NW) from pre-patterned Cu electrode which makes the contact ohmic
with the other contact made from Au. Analysis of the data shows that the large photoresponse of the devices
arises predominantly due to reduction of the barriers at the Au/NW blocking contact on illumination. This
is caused by the diﬀusion of the photo generated carriers from the nanowires to the contact region. When
the barrier height is further reduced by treating the contact with FEB deposited Pt, this results in a large
enhancement in the device photoresponse.
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Introduction
Nanotubes, nanowires and nanobelts are impor-
tant one-dimensional (1D) nanomaterials that are the
foundation for nanoscience and nanotechnology [1-14].
Novel nanoscale optoelectronic devices are important
applications of nanomaterials, particularly nanowires
which can be scaled down to a single nanowire (NW)
device [1-12]. Contact electrodes play an important
role in improving performance of nanoscale devices [1-
2]. For metal-semiconductor (MS) contacts there are
mainly two diﬀerent types of contacts: Ohmic contact
and blocking or rectifying contacts. In the ﬁrst type of
contact work function of semiconductor is larger than
metal and electrons are transferred from metal to semi-
conductor for n-type material, producing an accumula-
tion layer in the semiconductor. In the blocking con-
tacts, work function of metal is larger than the semi-
conductor and electrons are transferred from semicon-
ductor to metal for n-type material, leaving a depletion
layer in the semiconductor and leading to formation of
a barrier. The role of contact becomes especially im-
portant in the context of photoresponse in nanowires.
In opto-electronic devices based on nanowires like solar
cell [3], nanowire sensors [4], photodetector [5] etc. The
crucial parameter is often the photoconductive gain
G, deﬁned as G ≡ Iph/qF, where Iph is the photo-
current generated due to absorbed photon ﬂux F , q
being the charge. In general a photoconductive gain
G > 1 is seen in devices with good Ohmic contact at
the metal-semiconductor interface. It is generally be-
lieved that in photo detectors with blocking contact at
the metal-semiconductor junction, it is not possible to
obtain a photoconductive gain G > 1 [6-8]. As a re-
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sult, positive eﬀect of non-ohmic or blocking contact
(like a Schottky contact) has not received much atten-
tion in optoelectronic devices, despite observation of in-
crease photoconductive gain G in some photo-detectors.
In recent years, in context of nanowires, this question
has gained signiﬁcance. In earlier work, diﬀerent ma-
terials have been used as photoconductive device e.g.
MoS2 [1], Si [3], ZnO [9], Bi2S3 [10], InP [11], CdS
[12] etc. It is reported that these material can give
substantial photoconductive gain using Schottky con-
tact where they have been used as single nanowire de-
vice. Recently we have shown that nanobridges made
from an array of nanowire of a charge transfer complex
Cu:TCNQ can show large photoresponse in a Metal-
Semiconductor-Metal (MSM) device conﬁguration [15].
It was argued that lowering of barrier due to diﬀusion
of photo-generated carriers in the contact region can
lower the barrier thus enhancing the photocurrent. It
is expected that in nanowire devices that show large
photoresponse, the contact will play an important role
and its suitable modiﬁcation can lead to enhancement
of the photo-response.
In this paper we investigate the role of contact in
photo response where the contact barrier can be mod-
iﬁed after the device is fabricated using focused ion
beam (FIB) or focused electron beam (FEB) deposited
metal. Though FIB or FEB deposited metals like Pt or
W have been used to mend electrical circuits, their use
to modify contact barriers to engineer the response in
single nanowires optical devices have not been demon-
strated. Using a single nanowire device where one of the
contacts is blocking type and other Ohmic, we establish
the role of the blocking contact and its modiﬁcation by
FIB or FEB deposited metal in determination of the
photoresponse of such a single nanowire device.
For this work we had made a single nanowire de-
vice from charge transfer complex Cu:TCNQ with one
probe Ohmic and another probe blocking (Schottky)
type. The reason for choosing this material is that it
shows large photoresponse where the barrier plays an
important role [15] and in this material by choice we
can make one of the junctions Ohmic using a growth
protocol described below. This particular choice may
not be available in many other materials. After the
device is fabricated and measurements is performed in
dark and under illumination, the blocking contact is
then modiﬁed with Focused Electron Beam induced de-
posited (FEBID) Pt. The resulting change in the de-
vice response, both in dark and under illumination, has
been analyzed to investigate the eﬀect of contacts on
the photoresponse of such a device. Though the exper-
iment has been carried out in the speciﬁc context of a
charge transfer nanowire it is expected to have a gen-
eral implication for single nanowires devices where such
barrier modiﬁcation can indeed enhance the current un-
der illumination. (We note that in the context of the
charge transfer complex Cu:TCNQ, eﬀect of contacts
have been investigated in the context of resistive state
switching [16]. However, no report has investigated the
speciﬁc role of contact and its modiﬁcations in regard
to photoresponse in such a material).
Experimental
The device is fabricated using in-situ growth of
nanowires within prefabricated metal electrodes by
physical vapor deposition method. This method allows
growth of nanowires at predetermind sites. Nanowires
are characterized by SEM, FTIR, Raman, X-RD. The
as grown nanowires are further characterized by TEM
and selected area electron diﬀraction (SAED) pattern-
sas shown in (g) of Fig. 1(A) bottom frame, which
proves that all of these nanowires are crystalline in na-
ture. Use of this growth protocol is novel because the
Cu from which the growth occurs serves as the Ohmic
contact and no other contact fabrication is needed. The
process used for making the electrodes and the arrange-
ment of growth from vapour phase is shown in Fig. 1(A)
and 1(B) respectively. The wires are laterally grown
from Cu after reacting with vapour of TCNQ obtained
from a boat (kept at 130℃) containing TCNQ powder
on prefabricated bi-layer Cu/Au electrodes where Cu
acts as the bottom electrode and Au as top electrode.
The bi-layer electrodes with typical separation ≈ 1.0
μm are made by electron beam lithography and lift-oﬀ
process on SiO2/Si substrates (as shown schematically
in Fig. 1(A)) where the top oxide layer ≈ 300 nm. The
vapour deposition is done by keeping the substrate in a
certain angle with respect to the vapour in such a way
that nanowires start to grow from the Cu part of one
electrode and terminate on the top Au layer of the sec-
ond electrode, thus completing the circuit. The typical
diameter of the nanowires in the device is ≈ 30 nm.
The FE-SEM (Field-Emission Scanning Electron Mi-
croscopy) image of the device (marked as S1) is shown
in Fig. 1(A) bottom frame. This is a single NW device.
The device so formed has a Cu electrode that we will
show is Ohmic and an Au electrode that is blocking type
with higher barrier. (We provide an estimate of barri-
ers from measurements later on). After measurement
of the I-V curves in dark and under illumination and
the optical response under zero bias, the Au electrode,
which forms the high barrier contact, was modiﬁed by
capping it with FEBID Pt. For capping free end of the
nanowire with Au electrode in a dual beam machine
FEI HELIOS 600, the wire is imaged using FE-SEM
(Field-emission scanning electron microscope) and af-
ter selecting the speciﬁed single nanowire free end is
then anchored with Pt deposited by the electron beam
of the FE-SEM at a voltage of 15 keV and deposition
current of 90 pA using the precursor Methylcyclopen-
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Fig. 1 (A) Schematic representation of procedure of making of the devices: (a) Resist coated Si/SiO2; (b) Pattern written
by NPGS (Nano Pattern Generating System) software; (c) Au/Cu evaporation; (d) Lift-oﬀ; (e) Growth of nanowire on
predeﬁned pattern; (f) Anchoring on top of free end of the nanowire with FEB deposited Pt; and (g) SAED pattern of one
such nanowire. S1 and S2 are SEM images of the nanowire devices before and after anchoring of free end of the nanowire
respectively. (B) Schematic representation of procedure of making growth of the nanowires within the prefabricated pattern:
(a) During Cu deposition sample was on top of Cu evaporation boat; (b) Au was deposited rotating the sample holder by
an angle θ w.r.t. the Au source in such a way that Au vapour will come direct contact to one electrode pattern and shadow
eﬀect arise to the rest; (c) This results one Cu electrode fully covered with Au and another Cu electrode is partially covered
with Au; and (d) SEM image of lateral growth of the Cu:TCNQ nanowire starts from Cu and connect to Au electrode.
tadienyl platinum trimethyl (CH3)3(CH3C5H4) Pt.
The FEBID does not substantial cause the damage that
is generally associated with Focused Ion Beam induced
deposition (FIBID) of Pt which is done using Ga ions.
However, there may be a small degradation of the NW
resistance on exposure to the electron beam during the
deposition. This device, with Pt deposited modiﬁca-
tion is marked as S2 and its FE-SEM image is shown in
Fig. 1(A) bottom frame. All other parameters, includ-
ing the NW being essentially unchanged, this process
allows us to evaluate the explicit role of modifying the
Au-NW contact by Pt capping.
Optical excitation used in this work is provided by
Helium lamp (450 W) and a monochromator. Bias
dependent dark and photocurrent is measured using
a Sourcemeter (Keithley 2400) and a Picoammeter
(Keithley 485). All the data are taken under illumi-
nation of light of wavelength ∼405 nm because the de-
vice is found to show maximum photoresponse at that
wavelength (data not shown).
Results and discussions
The I-V data in dark as shown in Fig. 2 is for the de-
vice before and after modiﬁcation of the blocking con-
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tact. The positive bias refers of the Cu electrode be-
tween positive from which the growth starts (marked in
Fig. 1(B)). It is seen that after anchoring (capping the
Cu:TCNQ/Au contact with FEB deposited Pt) there is
an enhancement of the device current. This enhance-
ment mainly arises from the reduction of the barrier
height at the blocking contact as the analysis shown
below. The I-V data is analyzed in the frame work
of MSM conﬁguration where the Cu and the Au elec-
trodes connecting the nanowire act as the metal (M)
electrodes and Cu:TCNQ nanowire is the semiconduc-
tor. The bias dependent current through the device is
ﬁtted to the model of two back to back Schottky diodes
connected by a series resistance R, which mainly rep-
resents the resistance due to the portion of the NW
between the electrodes. The equation for ﬁt used is
[17]:





















































Fig. 2 I-V curves of Cu:TCNQ nanowire MSM devices
in dark. As prepared device (marked as pre-anchoring/S1)
and that after anchoring the Au contact by FEB deposited
Pt with Au electrode (marked as post-anchoring/S2). The
barrier heights φ1 and φ2 for the device S1 obtained from
model ﬁt are φ1 = 26 meV, φ2 = 200 meV and those for
device S2 are φ1 = 27 meV, φ2 = 180 meV.
where, V ′ = V −IR, R being the series resistance which
is mainly the resistance of the nanowire, and φ1 and
φ2 are the barrier heights associated with two contacts
(M’s). I0 the current due to thermionic emission and is
used as a constant in the ﬁt process. Barrier φ1 refers
to the Cu electrode and barrier φ2 to the Au electrode.
From the ﬁt of the experimental dark I-V data to equa-
tion 1, we obtain φ1 ≈ 27 meV and φ2 ≈ 200 meV, R =
5 kΩ (In the ﬁt procedure R has been taken as a ﬁt pa-
rameter along with φ1 and φ2). Solid lines through the
data in Fig. 2 show the ﬁt to the I-V curves. As a vali-
dation of the model we ﬁnd that the value of R obtained
from the model ﬁt is close to the value calculated from
the independently measured 4-probe resistivity of the
nanowire. The asymmetry in the I-V data can be ex-
plained by a diﬀerence in the work functions at the two
electrodes. The value of the barrier φ1 ≈ 27 meV for
the Cu/NW contact, from where the growth of the wire
starts, is low enough at room temperature (∼25 meV)
so that it can be considered as nearly Ohmic. However,
for the Au/NW contact the barrier φ2 ≈ 200 meV is
substantial and it acts as the blocking electrode. Use
of the Cu from which the growth occurs as an Ohmic
electrode is advantageous because it reduces the fabri-
cation steps.
In Fig. 2 we also show the I-V curve for the device
S2, after capping the free end of the nanowire with Au
electrode by FEB deposited Pt. From analysis of the
I-V curve as done above, we ﬁnd that φ2 is reduced to
180 meV while the other electrode (Ohmic contact) φ1
stays unchanged as this was not modiﬁed. The resis-
tance of the NW R changes somewhat during the cap-
ping process and increases by 20% (6.0 kΩ) as shown
in Fig. 2. The reduction of the barrier height (φ2) after
modiﬁcation of the contact may be due to change in
local work function and bend alignment. Since barrier
height change occurs in the exponential its reduction
has substantial eﬀect.
The eﬀect of the contact and the contact modiﬁcation
on the photoresponse was investigated. In Fig. 3 we
show the results of measurement of the photoresponse.
The data shown are for zero bias (applied bias V =
0). As shown in Fig. 3, the zero bias photo-response,
which is dominated by contact barriers, is enhanced sig-
niﬁcantly in device S2 due to the capping by Pt. Pho-
tocurrent as a function of bias for both the cases (pre
and post anchored) is shown in Fig. 4. The current





















Fig. 3 Zero bias photo-response (applied bias V = 0) of
the single nanowire devices. The enhancement in response
before (S1) and after anchoring (S2) can be seen. Data were
taken with illumination at λ = 405 nm.
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Fig. 4 Bias dependence of the photo current Iph =
Iill − Idark as a function of reverse bias. Data were taken
with illumination at λ = 405 nm. The inset shows the bias
dependence of the ratio Iill/Idark.
under illumination is marked as Iill while that under
dark is the dark current Idark. (The bias dependence
of the of the ratio Iill/Idark is shown in inset of Fig. 4
for the two devices.) The photocurrent Iph (V ) at an
applied bias V is deﬁned as diﬀerence of the current
under illumination Iill and the dark current Idark at a
given bias (Iph ≡ Iill − Idark). There is no external
ﬁeld at zero bias and photogenerated carriers reach the
electrodes without any recombination. This is possi-
bly because of the close proximity of the electrodes ∼1
μm, which is smaller than or of the order of the typical
recombination length in such materials.
The enhancement of the photocurrent after the bar-
rier modiﬁcation mainly occurs at the low bias as one
can see in Fig. 4. This is expected because at higher
bias the device current is restricted by the wire resis-
tance due to ﬁnite voltage drop across it. In the low
bias region, the device current is mainly junction lim-
ited being controlled by the barrier height. This can
also be seen in the inset of Fig. 4, where we plot the
ratio Iill/Idark as a function of the bias. It can be seen
that at higher bias (|V | ≥ 0.5 V) the eﬀect of barrier
modiﬁcation tapers oﬀ as eﬀect of the illumination also
tapers oﬀ.
From the measured I-V curve under illumination, us-
ing Eqn. (1), we could deduce the barrier height modiﬁ-
cations produced by the illumination. Both the barrier
heights change to lower values. For instance for device
S1, φ1 ≈ 20 meV and φ2 ≈ 160 meV and the resis-
tance of the nanowires reduces to R = 0.9 kΩ under
illumination. The change in barrier heights on illumi-
nation are Δφ1 ≈ 7 meV and Δφ2 ≈ 40 meV with a
reduction in resistance by a factor of 1/5 due to pho-
toconductivity. The photosensitivity S deﬁned as S ≡
(σph − σdark)/σdark, where σph(σdark) is the conduc-
tivity under illumination (dark) can be evaluated from
the change in resistance and for the device S1, S ≈ 4.6.
After modiﬁcation of contact, in S2, the barrier height
φ2 ≈ 130 meV under illumination, corresponding to a
change of Δφ2 ≈ 50 meV. The change in Δφ1 is sim-
ilar to that in S1. Under illumination in S2 nanowire
resistance reduces from R = 6.0 kΩ to R = 0.5 kΩ lead-
ing to a photosensitivity S ≈ 11. It appears that the
exposure to the electron beam during deposition may
lead to enhancement of the photosensitivity S although
this being beyond the scope of the investigation was not
investigated.
The enhancement of the total photocurrent in the
single nanowires MSM device has contributions of
illumination-induced reduction of the barrier at the
junction, as well as photoconductive reduction of the
series resistance of the wire which gives us a measure of
the photosensitivity S. In the present device the low-
ering of the barrier at the contact under illumination is
a major reason for the photo response, which in turn
accentuates the eﬀect of the photoconductivity. As a re-
sult the barrier modiﬁcation leads to a change in current
in the device. Importantly, the barrier modiﬁcation has
a large eﬀect on the zero bias photocurrent Iph(V = 0)
as can be seen from Fig. 3. The enhancement of the
photo current can be nearly 2 orders for V = 0. The
change in the photoconductivity being much less, it is
the modiﬁcation of the contact by the FEB deposited Pt
which causes this large change. All the measurements
are done at low bias so that the nanowire is under safe
region of electric ﬁeld below the phase change threshold
during the measurements [18]. We could also measure
the bias driven resistive state transition in such wires
(length ≈ 1.5-2.0 μm) occurring at a bias of ≈ 3 V cor-
responding to a ﬁeld of (1.5-2.0) × 106 V/m (Data not
shown). This shows that even at the highest optical
power density used, the electric ﬁeld of the light used
(at λ = 405 nm) Eopt(∼ 7 × 10
4 V/m) is much less
than the applied electric ﬁeld Eswitch (≥ 2× 10
6 V/m)
needed to switch the resistive state to a low resistance
state.
The lowering of barrier on illumination occurs be-
cause a large number of carriers that are created due
to illumination diﬀuse into the contact region. Control
of contact barrier by electrical gate controlled charge
injection has been recently utilized in Si NW devices
[19]. An estimate of the barrier lowering Δφ can be
obtained from the change in the chemical potential due











where n0 is the carrier density in the dark [20]. To es-
timate Δn we use the change in the photoconductivity
of the nanowires as derived from the analysis above. If
the change in the conductivity due to the illumination
(Δσ = σph − σdark) of the NW is solely due to the
change in the carrier density (Δn), with no change in
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Fig. 5 Comparative study of the parameters for nanowire MSM devices before (left) and after (right) Pt deposition:
(a) Schematic structure with barrier heights derived from model with illumination and in dark; (b) Band bending of the
conduction band in dark and (c) Band bending under illumination. Relevant barrier heights as well as the resistances of the
strand of the nanowires for the two devices are shown as derived from the model in dark and under illumination.
the mobility, then we get a measure of the change
in carrier density from the observed S. S ≡ (σph −
σdark)/σdark = Δn/n0, where n0 is the carrier den-
sity in the dark. For device S1, from observed S ≈ 4.6,
we estimate shift in the barrier Δφ ≈ 43 meV on illu-
mination. This is close to the shift of 40 meV observed
from experiments. After Pt deposition and the barrier
modiﬁcation in device S2, the observed photosensitivity
S reaches a value ≈ 11. This would give rise to an es-
timate shift in the barrier Δφ ≈ 62 meV. This is some-
what larger but close to the observed shift of 50 meV.
The Cu contact being Ohmic with a low enough bar-
rier, there is a negligible change in the barrier height.
In both the devices studied we ﬁnd clear signature
of photocurrent at zero bias that is substantially larger
than the dark current and the current critically depends
on the barrier height and the nature of the contact. The
observation of zero bias current in both the devices (S1
and S2) points to a common origin. The existence of
such a current depends on the ﬁeld due to the built-in
potential that exists near the contacts. If the electrode
separation is more than the depletion width, there will
be no axial ﬁeld in the middle of the NW in absence of
an applied bias. In this case the photo-generated car-
riers will not reach the electrodes. However, in our
case the electrode separation being small it is likely
that it is less than the total of depletion widths at the
contact regions. This will give rise to a built-in ﬁeld
which will collect the carriers. If the two junctions are
symmetrical then the net current at zero bias will be
zero. However, existence of asymmetric junctions at
the two ends will ensure a non-zero net current. An-
other mechanism that also contributes to the transport
of photo-generated carriers in MSM junction is tunnel-
ing through the barrier at the junction [21]. This is
prevalent when the photon energy hv is much greater
than the barrier height φ, which is adequately satisﬁed
in our case. Existence of such a tunneling of the photo-
electron at the junction can thus be another source of
the photocurrent at zero bias. The nature of the con-
tact is thus a critical parameter for collection of charge
and results in a zero bias current. It is then justiﬁed
that the barrier modiﬁcation by FEB deposited Pt that
modiﬁes the barrier height will aﬀect this process. The
barrier height reduction due to the capping of the con-
tact will thus enhance the photo current.
The physical process that leads to the dominant role
of the contact and the contact modiﬁcation can be best
summarized by the schematic band diagram shown in
Fig. 5. The ﬁgure shows the barriers, the depletion re-
gions, the changes in these parameters in dark and un-
der illumination in both the devices that lead to the
changed response on modiﬁcation of the contact.
Conclusion
In summary, we have demonstrated that it is pos-
sible to obtain large photoresponse in MSM type de-
vice where one contact can be blocking type. We fur-
ther showed that suitable modiﬁcation of the blocking
contact can lead to further enhancement of the pho-
toresponse. This was done in the context of a single
Cu:TCNQ nanowire device. We demonstrated that this
type of device can be fabricated by direct growth of
nanowires from pre-patterned Cu electrode which leads
to one contact ohmic. Analysis of the I-V curves in
dark and under illumination with MSM Schottky diode
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model shows that the large photoresponse of the devices
arise predominantly due to reduction of the Schottky
barriers at the MS interfaces due to diﬀusion of the
photo generated carriers from the NW to the contact
region. Barrier height of Schottky contact is further
reduced by treating the contact with FEB deposited
Pt resulting in a large enhancement in photoresponse
even in zero bias due to combine eﬀect of barrier height
reduction and increase in charge carrier generation.
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